Pituitary adenylate cyclase-activating polypeptide (PACAP) causes calcium influx, intracellular calcium release, and elevation of cAMP in chromaffin cells. Calcium influx is required for PACAP-stimulated secretion of catecholamines and neuropeptides. The role of cAMP elevation in the action of PACAP at either sympathetic or adrenomedullary synapses, however, is unknown. Here, we show that PACAP-27-induced calcium influx through voltage-sensitive calcium channels (VSCCs), together with elevation of intracellular cAMP, was sufficient to stimulate vasoactive intestinal polypeptide (VIP) biosynthesis at least 40-fold. Combined treatment of chromaffin cells with 40 mM KCl, which elevates intracellular calcium, and 25 M forskolin, which elevates intracellular cAMP, caused an increase in VIP peptide and mRNA much greater than that elicited by either agent alone, and comparable to the increase caused by 10-100 nM PACAP-27. Elevation of VIP mRNA by either KCl plus forskolin, or PACAP, (1) was independent of new protein synthesis, (2) was blocked by inhibition of calcium influx through voltagesensitive calcium channels, (3) was calcineurin dependent, and (4) was dependent on MAP kinase activation but not activation of protein kinase A. The degree of activation of two different second-messenger pathways, calcium influx and cAMP elevation, appears to determine the magnitude of transcriptional activation of the VIP gene in chromaffin cells. Maximal stimulation of VIP biosynthesis by PACAP appears to require the coincident activation of both of these pathways.
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Catecholamine and peptide hormone secretion and biosynthesis in the adrenal medulla are regulated in concert by preganglionic inputs from the splanchnic nerve (Sietzen et al., 1987; FischerColbrie et al., 1988; Nankova and Sabban, 1999) . This synapse is a well studied model for trans-synaptic regulation throughout the nervous system (Kumakura et al., 1979; Eiden et al., 1984b; Comb et al., 1987) . Two transmitters are contained in splanchnic nerve terminals: the classical neurotransmitter acetylcholine (Douglas and Rubin, 1961) and the neuropeptide pituitary adenylate cyclase-activating polypeptide (PACAP) (Frödin et al., 1995; Dun et al., 1996; Sundler et al., 1996; Holgert et al., 1998) . Both transmitters stimulate secretion and enhance production of catecholamine and neuropeptides (Douglas and Rubin, 1961; Eiden et al., 1984b; Malhotra et al., 1989; Isobe et al., 1993; Rius et al., 1994; Babinski et al., 1996; Haycock, 1996; Przywara et al., 1996; Tanaka et al., 1996; Tönshoff et al., 1997; Wakade, 1998; Lamouche et al., 1999) . PACAP neurotransmission may be uniquely required to maintain long-term secretion and biosynthesis of adrenomedullary hormones during periods of prolonged metabolic or psychogenic stress (Wakade, 1988; Wakade et al., 1988; Hamelink et al., 2002) .
Both PACAP and acetylcholine cause calcium influx, which is required to stimulate the release and biosynthesis of neuropeptides such as vasoactive intestinal polypeptide (VIP) (Douglas, 1968; Waschek et al., 1987; Tanaka et al., 1996; Lee et al., 1999) . However, PACAP elevates VIP peptide levels in chromaffin cells much more than depolarization with acetylcholine or elevated potassium (Waschek et al., 1987; Eiden et al., 1998; Lee et al., 1999) . This suggests a special role for PACAP in regulating adrenomedullary neuropeptides like VIP, which mediates local vasodilatory effects and steroidogenesis under paraphysiological conditions, including prolonged stress (Lundberg et al., 1980; Bloom et al., 1988; Edwards and Jones, 1993; Bornstein et al., 1996; Nussdorfer, 1996; Lonning et al., 1997; Ehrhart-Bornstein et al., 2000) . It also suggests a unique mechanism for PACAP signaling to the VIP gene in addition to increased calcium influx. PACAP, through the PAC1 receptor, also stimulates adenylate cyclase and phospholipase C, leading to elevation of intracellular cAMP, inositol 1,4,5,-trisphosphate (IP 3 ), and diacylglycerol (DAG) (Schadlow et al., 1992; Spengler et al., 1993; Tanaka et al., 1998) . The effects of PACAP on catecholamine secretion from chromaffin cells, and neuropeptide secretion from sympathetic neurons in primary culture, appear to be dependent on activation of both phospholipase C and calcium entry through voltagesensitive channels (VSCCs), but not on the elevation of cAMP caused by PACAP (Tanaka et al., 1996 (Tanaka et al., , 1998 Beaudet et al., 2000) . The role of multiple second messengers in PACAP signaling leading to activation of gene transcription has not yet been addressed. Here, we investigated whether combinatorial actions of the multiple second messengers elevated by PACAP might provide a gene transcriptional response greater than that predicted by the action of each individual second messenger. In particular, PACAP signaling to the VIP gene might depend on the synergistic action of two or more of the second messengers activated by PACAP in chromaffin cells.
MATERIALS AND METHODS
Chromaffin cell culture. Chromaffin cells were obtained from steer adrenal medullas, according to previously published methods (Fenwick et al., 1978) as modified by this laboratory (Eiden et al., 1984a) . Steer adrenal medullas were perf used multiple times through the portal vein with standard release media (SRM) containing (in mM): 143 NaC l, 4.6 KC l, 10 glucose, 25 H EPES, 2.2 C aC l 2 , 1.2 MgSO 4 at 37°C until the gland was rinsed free of blood. Glands were perf used three times with warmed 0.1% collagenase (Worthington Biochemicals, Lakewood, NJ) and 6.7 g /ml DNase for 15 min at 37°C. Medullary tissue was minced and collected in SRM without bovine serum albumin (BSA). C ells were rinsed briefly and centrif uged twice in SRM containing 1% BSA. C ells were filtered three times through sterile gauze, followed by filtration through 150 mesh nylon screen. C ells were washed four times in SRM /1% BSA and suspended in complete medium [DM EM high glucose 25 mM H EPES medium (Invitrogen, Rockville, MD)] with 5% heat-inactivated fetal bovine serum, 100 U/ml penicillin-streptomycin, 2 mM glutamine, 10 g /ml cytosine ␤-D-arabinof uranoside, and 100 U/ml nystatin, and filtered again through 150 mesh nylon screen. Forty million cells were seeded into T150 flasks overnight for differential plating. The following day cells were replated onto poly-D-lysine (Sigma, St. L ouis, MO)-coated 24-well dishes at 250,000 -500,000 cells per well in 1 ml of medium. T wenty-four hours later cells were preincubated with appropriate agents by addition of 100 l of a 10ϫ concentrated stock solution to each well. Thirty minutes later, medium was removed and replaced with complete medium without nystatin, containing vehicle or PACAP-27, with or without the agents added during the preincubation period.
For measurement of total V I P content per well, medium was removed for direct measurement of V I P peptide by radioimmunoassay, and cells were extracted for V I P peptide radioimmunoassay after the addition of 500 l of 0.1N HC l to each well, as described previously (Eiden et al., 1984a) . For measurement of V I P mRNA, cells were harvested 18 -24 hr after drug additions into SDS-EDTA-Tris buffer containing 100 g /ml of proteinase K . Drugs were initially dissolved in ethanol, water, or complete medium such that the final concentration of vehicle in incubation media was 0.1% (v/ v) .
Chromaffin cells were counted after plating, and after various treatments, in a Coulter Model Z1 C ell Counter, with lower and upper limits of 9 and 19 m, respectively, after rinsing in PBS and suspension in Accutase (Intermountain Scientific Corp., Kaysville, UT). There was no change in cell number 72 hr after PACAP treatment (control, 287,000 Ϯ 6,500 cells per well; 10 nM PACAP, 288,000 Ϯ 4,100 cells per well; 100 nM PACAP, 293,000 Ϯ 3,400 cells per well), and no increase in cell number of untreated cells 48 and 72 hr after initial plating, confirming the lack of proliferative activity of bovine chromaffin cells in the presence of cytosine arabinof uranoside in these experiments. Thus changes in V I P content reflect increased V I P peptide or mRNA per chromaffin cell, rather than an increase in cell number without a change in peptide or peptide-encoding mRNA content per cell. Data are expressed here as levels per well (250,000 -500,000 cells).
NBFL cell culture. A human neuroblastoma cell line, N BFL (Symes et al., 1997) , was cultured in DM EM with 4.5 gm of glucose/ l, containing 5% fetal bovine serum (heat inactivated) and 5% horse serum supplemented with glutamine (0.03%), penicillin (100 U/ml), and streptomycin (100 g /ml). For mRNA analysis, cells were grown in six-well plates to ϳ70% confluence and treated with vehicle (0.1% DMSO) or 100 nM PACAP for 6 hr.
Cloning of bovine V IP cDNA. Bovine V I P cDNA was cloned using total RNA isolated from bovine chromaffin cells. Total RNA was reverse transcribed using random hexamers as primers and then checked for quality by PCR using a bovine GAPDH primer pair. cDNA obtained by reverse transcription of mRNA was used as a PCR template to obtain the 168 bp product of bovine V I P cDNA, using primers corresponding to sequences within the human V I P cDNA sequence (forward primer, 5Ј-CATGC TGATGGAGTTTTCACCAGTGAC -3Ј; reverse primer, 5Ј-CTCAAGGTACTTTTTGGCAGAAAGTTGACCCAAGAG-3Ј). This PCR product (168 bp) was subcloned into the pCRII-TOPO vector (Invitrogen, C arlsbad, CA) and sequenced. Rapid amplification of cDNA ends (R ACE) (3Ј and then 5Ј) was performed with the 168 bp bovine V I P cDNA fragment, reverse transcribed from bovine chromaffin cell total RNA, as prescribed by the manufacturer (Invitrogen). Final PCR products of 1.1 or 0.52 kb (by 3Ј or 5Ј R ACE, respectively) were subcloned into pCRII-TOPO and sequenced. The sequences of bovine preproV I P/ PHI and its cognate cDNA have been submitted to GenBank (accession number AF503910).
Radioimmunoassay. V I P and met-enkephalin were assayed directly in aliquots of culture medium, or in lyophilized 0.1N HC l extracts of chromaffin cells, harvested 24 -72 hr after exposure to various drugs, as described previously (Eiden and Hotchkiss, 1983) .
cAM P was measured in chromaffin cells after 30 min or 6 hr exposure to PACAP, V I P, or forskolin, with the N EN [
125 I] RIA kit (N EN, Boston, M A). Lyophilized 0.1N HC l cell extracts were acetylated before addition of tracer and antibody solutions. Bound cAM P was precipitated by the addition of a secondary antibody and counted. Sensitivity of the assay is 7.8 fmol. cAM P in N BFL cells was assayed after 10 min exposure to PACAP, using 50 l of 0.1N HC l cell extracts with the cAM P [
3 H] Assay System (Amersham, Piscataway, NJ). Unbound cAM P was precipitated by charcoal adsorption, and bound cAM P in the supernatant was counted. Sensitivity of the assay is 1 pmol.
Northern anal ysis of V IP mR NA. Northern blot analysis of V I P mRNA was performed with nick-translated human or bovine VIP cDNA probes with comparable results. Equal well-equivalents of total RNA were loaded per lane. Uniformity of total chromaffin cell RNA per lane was verified by staining of ribosomal (18 and 28 S) RNA with ethidium bromide after electrophoresis. Quantitation of VIP mRNA was performed by densitometric scanning of autoradiograms of each Northern blot.
Quantitative RT-PCR. Bovine chromaffin cells were grown in 24-well plates, and N BFL cells were grown in 6-well plates as described previously and harvested for total RNA using the RNAqueous kit essentially as prescribed by the manufacturer (Ambion, Austin, TX). DNA was removed by treatment with RNase-free DNase I, and complementary DNA was prepared with SuperScript First Strand Synthesis System for RT-PCR (Invitrogen). Real-time quantitative PCR (Q RT-PCR) (Gibson et al., 1996) was performed on cDNA obtained by reverse transcription of 0.2 g of total RNA using the Taq-Man 7700 Sequence Detection System (Applied Biosystems, Foster City, CA) using bVIP primers in bovine chromaffin cells (forward primer, 5Ј-TTGAGTCCCTTATTG-GAAAACGA-3Ј; reverse primer, 5Ј-AGCATCTGAGTGGCGTTTGA-3Ј; probe, 6FAM-TTAGCAATAGCATCTCAGAAGACCAGGGACC-TAMR A) and hV I P primers in N BFL cells (forward primer, 5Ј-CCGCC TTAGAAAACAAATGGC -3Ј; reverse primer, 5Ј-C TA-ACTCTTCTGGAAAGTCGGGAG-3Ј; probe, 6FAM-ATTCTGAATG-GAAAGAGGAGC-AGTGAGGGAG-TAMRA). Reactions contained 1ϫ Mastermix (Applied Biosystems) containing preset formulations of dNTPs, MgCl 2 , and buffers, along with 90 nM forward and reverse primers and 20 nM probe. RNA levels were deduced by comparison of cDNAgenerated signals in samples to signals generated by a standard curve constructed with known amounts of VIP cDNA, and internally corrected with the GAPDH cDNA signal for variations in amount of input mRNA.
Single cell [Ca 2ϩ ] i measurement. C ircular glass coverslips (Assistant) were coated overnight with poly-D-lysine (0.2 mg /ml in H 2 O). N BFL neuroblastoma cells or bovine chromaffin cells were seeded at 1-2 ϫ 10 6 and 2-3 ϫ 10 6 cells per coverslip, respectively. T wenty-four hours later, cells were washed once with Krebs'-Ringer's saline solution (K RB) containing (in mM): 125 NaC l, 5 KC l, 1 Na 2 HPO 4 , 1 MgSO 4 , 1 CaCl 2 , 5.5 glucose, 20 H EPES, pH 7.2. After washing, cells were loaded with 2 M f ura-2 AM (Molecular Probes, Eugene, OR) for 22 min under continuous gentle agitation. L oading was performed at room temperature to minimize dye penetration into organellar compartments (Roe et al., 1990) . After loading, the cells were washed once with fresh K RB and kept for an additional 22 min in f ura-2 AM-free K RB. Finally the coverslips were mounted in a custom-fabricated perf usion chamber and perf used with K RB at ϳ800 l /min, with drugs added to the perf usion buffer at the concentrations and times indicated in Table 1 and Figure 5 . Fluorescence intensity at 340 and 380 nm was measured every 2 sec, and their ratios were determined. Data were analyzed with the software MetaFluor (Universal Imaging) as described previously (Grimaldi et al., 1999) . E xperiments were performed at least three times on different cell preparations. Data shown represent mean values (ϮSEM) for all the cells studied.
Transient e xpression assays. Differentially plated chromaffin cells were plated onto poly-D-lysine-coated 12-well dishes at 1 ϫ 10 6 cells per well in 2 ml of medium and transfected by calcium phosphate/ DNA copre-cipitation using the Promega Profection Mammalian Transfection System-C alcium Phosphate according to the manufacturer's instructions (Promega, Madison, W I) and as described previously (Anouar and Eiden, 1995) . Using the PathDetect CREB Trans-Reporting System, (Stratagene, La Jolla, CA), 1.0 g of reporter plasmid (pFR-L uc) and 50 ng of transactivator plasmid (pFA2-CREB) were cotransfected with 50 ng of positive control plasmid (pFC -PK A) or negative control plasmid (pFC2-dbd), to maintain input DNA concentration constant in all transfections. DNA was added to 10 l of 2 M calcium chloride and adjusted to 80 l with water. This solution was added to 80 l of 2ϫ H EPESbuffered saline drop-wise with gentle vortexing. The final mixture was incubated at room temperature for 30 min, vortexed again, and added drop-wise to each well, which contained 0.5 ml of complete fresh medium, with or without 10 M H89. After overnight incubation at 37°C in 5% C O 2 /air, the medium was removed. C ells were washed twice, f urther incubated with or without 10 M H89, and harvested 36 hr later for measurement of luciferase activity.
N BFL cells were plated in 12-well dishes at 4 ϫ 10 5 cells per well in 1 ml of medium and allowed to grow to 70% confluence (ϳ48 hr) and transfected with 0.5 g of V I P reporter and extracellular signalregulated protein kinase (ERK)1/2 dominant negative (dn) DNA and 1.5 l of FuGEN E6 per well (Roche, Indianapolis, I N). C ells were treated with PACAP-27 (100 nM) 24 hr later and harvested for luciferase activity measurements 6 hr after that. L uciferase activity was determined from 20 l of cell lysates with 50 l of luciferase substrate (Promega) counted for 10 sec in a Berthold L umat 9501 luminometer. V I P reporter gene constructs used are as previously described . dn ERK1 and ERK2 plasmids were a gift from Melanie Cobb (University of Texas Southwestern Medical C enter) (Robbins et al., 1993) .
Immunoblotting of phosphor ylated p44/42 M A P k inase and total p44/42 M A P k inase. Immunoblotting was performed according to the protocol of C ell Signaling Technology (Beverly, M A). In brief, chromaffin cells were washed with 1ϫ PBS, followed by addition of 300 l of lysis buffer and 200 l of 2ϫ SDS sample buffer to each 10 cm dish (5 ϫ 10 6 cells). C ell lysates were sonicated for 15 sec to shear DNA and reduce sample viscosity, heated at 95-100°C for 5 min, and centrif uged at 12,000 rpm for 10 min. The supernatant fraction (cell extract) was subjected to SDS-PAGE (1.5 hr at 125 V) on 14% Tris-glycine gels (Invitrogen / NOV EX, San Diego, CA) followed by transfer to poly vinylidene difluoride membranes (Invitrogen / NOV EX) by electroblotting for 1.5 hr at 25 V. Blots were incubated with a 1:1000 dilution of rabbit polyclonal antibody specific for phosphorylated p44/42 M AP kinase and total p44/42 M AP kinase (C ell Signaling Technology), followed by peroxidaselabeled anti-rabbit secondary antibody (1:4000 dilution). Immunoreactive bands were developed using an ECL kit (Western Blotting Analysis System, Amersham Biosciences, Buckinghamshire, UK).
Materials. PACAP-27 was purchased from Phoenix Pharmaceuticals (Mountain View, CA); ascomycin, cycloheximide, methoxy verapamil (D600), and phorbol myristate acetate (PM A) were from Sigma; and Gö6983, chelerythrine, nimodipine, -conotoxin M V IIC, forskolin, 1,9-dideoxyforksolin, U0126, U73122, isobutylmethylxanthine, dibutyryl cAM P, 8-bromocyclic AM P, and H89 were from C albiochem (San Diego, CA).
Statistics. All data were analyzed using the superANOVA software package unless indicated otherwise. Data were analyzed by one way ANOVA with Scheffe's post hoc analysis. Significance was set at p Ͻ 0.05.
RESULTS
Candidate pathways known to be activated by PAC1 receptor occupancy, including calcium, cAMP, and protein kinase C (PKC) were examined for possible roles in PACAP signaling to the VIP gene. PACAP-27 caused dose-dependent increases in cAMP, cytosolic calcium, and VIP biosynthesis that were maximal by 100 nM (Table 1) . To confirm that the effects of PACAP-27 on bovine chromaffin cells occur through the PACAP-preferring PAC1 receptor and not the PACAP/VIP-preferring VPAC1 and/or VPAC2 receptors (Tanaka et al., 1998) , the abilities of VIP and PACAP to elevate intracellular cAMP were compared. VIP caused no measurable increase in intracellular cAMP at concentrations up to 1 M (Table 1, see legend) .
The maximal effect of PACAP on VIP biosynthesis was compared with the effects of depolarization with KCl, cAMP elevation by forskolin, and stimulation of protein kinase C by PMA (Pruss et al., 1985; Siegel et al., 1985) . VIP peptide levels were increased Ͼ20-fold within 24 hr of exposure to 100 nM PACAP and Ͼ30-fold at 72 hr. Only the protein kinase activator PMA, at a concentration that elicits maximal induction of neuropeptide biosynthesis, caused an elevation in VIP peptide levels comparable to PACAP-27, with maximal elevations by 72 hr of exposure (Fig. 1 A) . VIP mRNA was induced within 24 hr of exposure to 100 nM PACAP, PMA, KCl, or forskolin (Fig. 1 B) . The extent of mRNA induction by PACAP was significantly greater than that for KCl or forskolin: Ͼ1000-fold as measured using Q RT-PCR (Fig. 1C) .
PAC1 receptor coupling to phospholipase C leads to increased liberation of DAG and increased levels of IP 3 that in turn causes the release of calcium from intracellular stores in chromaffin cells (Isobe et al., 1993) . Calcium and DAG together are known to activate several isoforms of PKC (Wilson, 1990; Ron and Kazanietz, 1999) . Thus, activation of PKC could participate in PACAP signaling to the VIP gene, consistent with the similar magnitude of VIP mRNA and peptide elevation caused by PMA and PACAP (Fig. 1) . Accordingly, VIP induction by PACAP and PMA were compared pharmacologically. PACAP induction of VIP peptide and mRNA is blocked by ascomycin, a calcineurin inhibitor (Lee et al., 1999) . Ascomycin did not block VIP peptide or mRNA induction by PMA, and conversely the protein synthesis inhibitor cycloheximide blocked PMA but not PACAP induction of VIP mRNA (data not shown). Thus, the characteristics of PACAP and PMA induction of VIP were quite distinct and inconsistent with a role of PKC in PACAP signaling to the VIP gene. In addition, the protein kinase C inhibitors Gö6983 and chelerythrine blocked VIP peptide induction by PMA but not by PACAP (Fig. 2) . Induction of VIP mRNA by PACAP could conceivably be dependent on activation of other downstream targets besides PKC, such as IP 3 and DAG. To test this hypothesis, induction of VIP by PACAP-27 was measured in the presence and absence of 10 M U73122, a specific phospholipase C inhibitor (Jin et al., 1994) . U73122 had a slight stimulatory effect on VIP biosynthesis alone, but was without effect on the induction of VIP peptide by PACAP-27 (total VIP peptide in picograms per well: mean Ϯ SEM; n ϭ 3; 10 M U73122 or vehicle added 30 min before addition of 10 nM PACAP and peptide harvested at 72 hr as described in Materials and Methods: 57 Ϯ 1.4 control; 4162 Ϯ 216 10 nM PACAP; 205 Ϯ 6.5 10 M U73122; 4644 Ϯ 782 PACAP ϩ U73122). Stimulation of met-enkephalin biosynthesis and release by histamine is well known to involve stimulation of phospholipase C, generation of IP 3 , and elevation of [Ca 2ϩ ] i (Noble et al., 1986; Bommer et al., 1987; Stauderman and Pruss, 1990; Bunn and Boyd, 1992; Firestone and Browning, 1994) . U73122 did block histamine-induced met-enkephalin peptide elevation (total met-enkephalin peptide in picograms per well: mean Ϯ SEM; n ϭ 3; 5804 Ϯ 358, control; 11062 Ϯ 335, 10 M histamine; 5156 Ϯ 187, 10 M U73122; 7312 Ϯ 382, 10 M histamine ϩ 10 M U73122), demonstrating the efficacy of this compound to block chromaffin cell phospholipase C activation at the dose used.
Because PACAP increases both intracellular cAMP levels and [Ca 2ϩ ] i in chromaffin cells, we examined whether the potencies of PACAP to elevate VIP peptide levels, cAMP, and [Ca 2ϩ ] i were comparable. PACAP-27 increased both intracellular cAMP and VIP peptide levels similarly, with the maximal effect reached between 1 and 10 nM PACAP-27 (Table 1) . In contrast, elevation of [Ca 2ϩ ] i increased sharply between 10 and 100 nM PACAP-27, suggesting that the level of [Ca 2ϩ ] i elevation elicited by 10 nM PACAP-27 is sufficient for VIP gene induction. To explore the possibility that both signals, calcium and cAMP, might act synergistically on VIP biosynthesis induction, the effects of depolarization with KCl and the elevation of intracellular cAMP were compared alone and in combination. The phosphodiesterase inhibitor isobutylmethylxanthine, the cAMP analogs dibutyryl cAMP and 8-bromocyclic AMP, and the adenylate cyclase stimulator forskolin all showed a marked synergism with KCl in elevation of VIP peptide levels in chromaffin cells (Fig.  3A) . Effects of forskolin not related to elevation of cAMP, including inhibition of glucose transport, enhancement of nicotinic receptor desensitization, inhibition of carbachol-mediated ion flux through nicotinic receptors, and modulation of voltagedependent potassium channels are shared by its congener 1,9-dideoxyforskolin, which does not, however, stimulate adenylate cyclase (Laurenza et al., 1989) . 1,9-dideoxyforskolin had no effect on VIP peptide levels alone or in combination with KCl (Fig.  3A) . The dose-dependent induction of VIP by KCl, forskolin, and both agents in combination was further compared with the effect of PACAP. As shown in Figure 3B , KCl from 10 to 40 mM and forskolin from 0.25 to 25 M each caused a dose-related increase in VIP peptide levels reaching a maximum that was Ͻ25% of the effect of 100 nM PACAP. Only the combined KCl and forskolin treatment gave a greater effect than either KCl or forskolin alone at all dose combinations tested, stimulating VIP levels comparable to the maximal effect of PACAP with 25 M forskolin and 40 mM KCl (Fig. 3B) .
The effects of KCl plus forskolin on VIP biosynthesis and VIP mRNA were inhibited by blockade of VSCCs by D600 and by inhibition of calcineurin with ascomycin ( Fig. 4 A, B) . This was the same pharmacological profile exhibited by PACAP-27 (Lee et al., 1999) . The effects of KCl alone were completely calcium influx dependent, and the effects of forskolin alone were essentially unaffected by blockade of calcium influx (Fig. 4C) . It has been suggested that PACAP may act in a calcium-dependent manner in some neuroendocrine cell types via a cAMP-dependent increase in general cation channel conductance (Darvish and Russell, 1998) . Blockade of the effect of forskolin by D600 would be predicted if this were the case in bovine chromaffin cells, but that was not observed here. In addition, if calcium acts downstream of PAC1 receptor stimulation solely by potentiating cAMP generation, any agent that increases cAMP to the extent that PACAP-27 does should elicit a comparable elevation in VIP peptide and mRNA levels. This is not the case: the increase in cAMP generation by 25 M forskolin is greater than that elicited by PACAP-27 (Table 1, see Fig. 8 ), yet forskolin increased VIP peptide levels less than PACAP did (Fig. 1 B) . Taken together, these data suggest that the synergistic effects of KCl and forskolin represent neither potentiation of KCl-induced calcium influx by elevation of cAMP nor calcium-dependent potentiation of cAMP elevation. The results imply that cAMP elevation and calcium influx occur independently after PAC1 receptor occupancy by PACAP-27 and exert their synergistic effects on VIP biosynthesis at a point downstream of second messenger generation.
KCl-mediated induction of VIP and met-enkephalin biosynthesis is completely blocked by L-type calcium channel blockers. We examined the effects of L-type calcium channel blockade on induction of VIP biosynthesis by PACAP. Surprisingly, the L-type calcium channel blockers nifedipine, (Ϫ)-202-791, and nimodipine had at best only a small effect on VIP induction by 10 nM PACAP, whereas VIP peptide elevation by 40 mM KCl was completely blocked by L-type channel inhibitors as reported previously (Siegel et al.) (data not shown).
We next examined the effect of PACAP on [Ca 2ϩ ] i directly. PACAP-27 showed a dose-dependent elevation of cytosolic calcium levels as measured with the calcium-sensitive dye fura-2 AM (Fig. 5 A, B) . The effects of various calcium channel blockers on increases in [Ca 2ϩ ] i in response to PACAP were compared with their ability to block PACAP-stimulated elevation of VIP peptide levels. The calcium channel blockers that were used included D600, which blocks all voltage-dependent calcium channels; nimodipine, which blocks L -type calcium channels; and -conotoxin M V IIC, which at 10 M blocks P-, N-, and Q-type VSCC s (Tanaka et al., 1996 (Tanaka et al., , 1998 . PACAP-induced calcium elevation was dose dependent and characterized by a spike and a plateau phase, as reported previously by Kanno and coworkers (Tanaka et al., 1996 (Tanaka et al., , 1998 . The plateau was maintained throughout the period of PACAP application (Fig.  5 A, B) . D600 abolished the plateau and reduced the spike phase of the PACAP-induced [C a 2ϩ ] i elevation Ͻ40% (Fig.  5C ). Application of either nimodipine (Fig. 5D) or -conotoxin M V IIC (Fig. 5E ) substantially reduced PACAP-induced [C a 2ϩ ] i elevation, but each to a significantly lesser extent than D600 (Fig. 5C ). Combined exposure of both nimodipine and -conotoxin was required to f urther reduce the spike and completely inhibit the plateau (Fig. 5F ). The effects of voltagesensitive calcium channel blockers on the plateau and spike values for cytosolic calcium elevation by PACAP-27 are summarized in Figure 5G . V I P peptide elevation by PACAP was measured under the five conditions in which PACAP-induced [C a 2ϩ ] i elevation was examined and compared with [C a 2ϩ ] i measured during the plateau phase (Fig. 5H ) . The magnitude of cytoplasmic calcium elevation during the plateau phase paralleled the increase in V I P peptide levels. In particular, low but measurable residual calcium elevation during the plateau phase after application of PACAP-27 in the presence of nimodipine or -conotoxin alone was accompanied by elevation of V I P peptide levels. This calcium elevation was eliminated after exposure of chromaffin cells to PACAP-27 in the presence of nimodipine and -conotoxin together. The increase in V I P peptide levels seen after exposure to PACAP-27 was blocked down to the level seen with forskolin stimulation when both nimodipine and -conotoxin were applied (Fig. 5H) . Thus, the entry of calcium through either L or P/ N/Q voltagesensitive calcium channels, but not both, during the plateau phase appears to be required for V I P peptide elevation by PACAP.
The failure of D600 to block the effect of forskolin on VIP peptide levels (Fig. 4C) , as well as the residual induction of VIP biosynthesis by PACAP under conditions in which calcium influx is completely abolished (Fig. 5H ) , argues for a cAMP-dependent component of the action of PACAP that synergizes with calcium influx but does not contribute to it. To characterize the cAMPdependent component of the action of PACAP, we examined the effect of the PKA inhibitor H89. To our surprise, H89 failed to inhibit the action of PACAP, suggesting a cAMP-dependent, PKA-independent pathway in chromaffin cells (Fig. 6 A) . Consistent with the presence of such a pathway, the effect of 25 M forskolin on VIP peptide induction was also not blocked by 10 M H89 (data not shown). The efficacy of H89 as a PKA inhibitor in chromaffin cells was confirmed by transfecting a reporter gene responsive to Gal4/CREB fusion protein transactivation, vectors expressing a Gal4/CREB fusion protein, and the catalytic subunit of PKA, into chromaffin cells. A strong (Ͼ16-fold) PKAdependent activation of the Gal4/CREB-responsive gene was blocked by H89, demonstrating its efficacy as a PKA inhibitor in chromaffin cells (Fig. 6 B) . In contrast to H89, the MEK1 inhibitor U0126 blocked the effects of both forskolin plus KCl and PACAP-27 on VIP peptide (Fig. 7A) and VIP mRNA levels ( Fig.   Figure 4 . Comparison of pharmacological characteristics of VIP induction by PACAP and the combination of KCl and forskolin. A, D600 and ascomycin block VIP peptide induction by PACAP and combined KCl and forskolin. Chromaffin cells were pretreated for 30 min with 30 M D600 or 0.1 M ascomycin (ASCO), followed by treatment with 100 nM PACAP-27 or a combination of 40 mM KCl and 25 M forskolin (FOR). Vehicle (0.1% ethanol in culture medium) was identical for all conditions. Cells were harvested 72 hr later for VIP radioimmunoassay as described in Materials and Methods. *Different from corresponding control, p Ͻ 0.0001; # different from corresponding treatment without inhibitor, p Ͻ 0.0001; Scheffe's post hoc analysis. B, D600 and ascomycin block VIP mRNA induction by PACAP and combined KCl and forskolin. Experimental conditions are as described for A, except that RNA extracts were prepared 18 hr after addition of PACAP or KCl plus forskolin, as described in Materials and Methods. C, Effect of D600 on induction of VIP by forskolin and KCl. VIP peptide levels were measured 72 hr after addition of 25 M forskolin or 40 mM KCl. Either 10 or 30 M D600 or vehicle was added 30 min before addition of forskolin, KCl, or vehicle. *Different from corresponding control; p Ͻ 0.0001; # different from corresponding treatment without inhibitor; p Ͻ 0.0001; Scheffe's post hoc analysis.
7B). To demonstrate the specificity of U0126 blockade on PACAPstimulated VIP gene expression, we also examined the effects of U0126 on PACAP-stimulated enkephalin gene expression. U0126 did not inhibit the elevation of either enkephalin mRNA or peptide levels by PACAP (Fig. 7C,D) . These data suggest that the PKAindependent elevation of VIP levels induced by both forskolin and PACAP are dependent on a MAP kinase signaling pathway that includes the MAP kinase kinase MEK1.
The ability of PACAP to phosphorylate ERK1/2 in bovine chromaffin cells was examined. ERK1/2 phosphorylation occurred very quickly in response to PACAP. Five minutes after treatment, chromaffin cells showed a dramatic increase in ERK1/2 phosphorylation that persisted for 6 hr. U0126 inhibited ERK1/2 phosphorylation by PACAP without affecting total ERK1/2 levels (Fig.  8 A) . Because the cAMP signaling pathway in these cells appears not to proceed through PKA but rather through ERK1/2, we next examined the ability of PACAP to stimulate cAMP elevations at these same times. As shown in Figure 8 B, PACAP not only doubled intracellular cAMP levels rapidly, but elevation persisted for at least 6 hr. PACAP induction of VIP mRNA in these cells also occurred within 6 hr and was inhibited by the ERK1/2 inhibitor U0126 (Fig. 8C) . In contrast, U0126 had minor effects on enkephalin mRNA after these treatments and no effects on total GAPDH mRNA levels.
NBFL neuroblastoma cell cultures were used to examine in further detail the cAMP component of PACAP signaling to the VIP gene. In these cells, PACAP stimulated VIP mRNA transcription via elevation of cAMP levels (Fig. 9A ) without an increase in intracellular calcium (Fig. 9B ). This lack of the calcium component of PACAP signaling accounts for the observation that VIP mRNA upregulation by forskolin was of similar magnitude to that induced by PACAP (data not shown). As in bovine chromaffin cells, PACAP signaling to the VIP gene in NBFL cells is sensitive to MAPK inhibition. U0126 significantly inhibited the effects of PACAP (Fig. 9C) on VIP mRNA levels. Transient transfections of a VIP luciferase reporter gene construct along with dominant negative ERK1 and ERK2 plasmids confirmed that ERK is used in PACAP signaling to the VIP gene (Fig. 9D) .
DISCUSSION
PACAP is an important trans-synaptic regulator of adrenomedullary catecholamine and neuropeptide biosynthesis Wakade, 1988 Wakade, , 1998 Isobe et al., 1993; Rius et al., 1994; Babinski et al., 1996; Haycock, 1996; Przywara et al., 1996; Tanaka et al., 1996; Barrie et al., 1997; Tönshoff et al., 1997; Beaudet et al., 1998; Lamouche et al., 1999; Inoue et al., 2000) . Its protean effects on second-messenger systems, including cAMP, calcium, and phospholipase C, potentially implicate a plethora of signal transduction pathways in the effects of PACAP on neuronspecific gene transcription. However, these multiple effects have generally been associated with single transcriptional elements within individual target genes (Schadlow et al., 1992; Monnier and Loeffler, 1998) . It has not previously been apparent that PACAP-associated signal transduction pathways might actually converge on a single target gene to produce a combinatorial response unique to signaling by PACAP. Here we have demonstrated such convergence for the action of PACAP on the VIP gene. Full PACAP signaling to the VIP gene requires the simultaneous activation of calcium influx through voltage-sensitive channels and the elevation of cAMP. The latter action is mediated through a novel, PKA-independent pathway in chromaffin cells.
Combinatorial or synergistic regulation of transcription by PACAP may be unique to a group of genes including the prepro-VIP/PHI gene, compared with transcriptional regulation of other neuroendocrine genes by PACAP. For example, PACAP regulation of preproenkephalin transcription is not dependent on calcium influx, although the preproenkephalin gene does contain a cAMP response element (CRE) that may function as a calciumresponsive element (Van Nguyen et al., 1990; . Synergistic effects of PACAP may require that the target gene possess separate yet interacting response domains for calcium and cAMP. This appears to be the case for the VIP gene: the proximal CRE is required for cAMP-initiated VIP gene transcription in NBFL cells, whereas the CRE together with upstream sequences within the distal tissue-specifier element (TSE) are needed for calcium-initiated transcription from the VIP promoter (C. Hamelink, unpublished observations).
The actions of PACAP on VIP gene expression in primary, fully differentiated chromaffin cells contrast with PACAP signal Figure 6 . Stimulation of VIP biosynthesis by 100 nM PACAP and forskolin does not involve protein kinase A activation. A, H89 does not inhibit PACAP induction of VIP. Chromaffin cells were pretreated for 30 min with 10 M H89 followed by treatment with 10 nM PACAP-27. Vehicle (0.1% ethanol in culture medium) was identical for all conditions. Cells were harvested 72 hr later for VIP radioimmunoassay as described in Materials and Methods. *Different from vehicle; p Ͻ 0.0001; Scheffe's post hoc analysis. B, H89 inhibits PKA activity in chromaffin cells. Chromaffin cells were cotransfected with pFR-Luc (reporter), pFA2-CREB, and pFC-PKA (PK A) or pFC2-dbl (control) in the presence or absence of 10 M H89 as described in Materials and Methods. Cells were harvested 36 hr later for measurement of luciferase activity. *Different from PKA/ H89; p Ͻ 0.0001; Scheffe's post hoc analysis. transduction and gene regulation in PC12 pheochromocytoma cells, in which the actions of PACAP have also been studied extensively. PACAP elevates both calcium influx and cAMP in PC12 cells, as in chromaffin cells (Barrie et al., 1997) . However, PACAP stimulates gene transcription of the neurosecretory protein chromogranin A in PC12 cells through a mechanism that does not require calcium influx and proceeds via a cAMP and PKA-dependent pathway (Taupenot et al., 1998) . The neuroprotective actions of PACAP after ischemic insult to the brain, on the other hand, appear to involve the activation of the MAP kinase ERK and concomitant inhibition of other MAP kinases, including JNK/SAPK and p38 (Shioda et al., 1998) . Second messenger actions of PACAP in the suprachiasmatic nucleus have been demonstrated to include both elevation of cAMP and calcium influx, although these studies did not report PACAP actions on either downstream messengers or target genes in these neurons (Kopp et al., 1999) . These observations, and our own, highlight the various mechanisms whereby PACAP can regulate target gene expression at synapses. It will be important to explore the involvement of dual signaling pathways in the actions of PACAP in each of these systems, which correspond to the important roles that neuronal PACAP plays in regulating circadian rhythmicity, cell division during development, and neuroprotection after ischemia (Waschek et al., 1998; Reglödi et al., 2000; Shen et al., 2000) .
Our results with PACAP in chromaffin cells also have several implications for understanding the unique properties of neuropeptide signaling between neurons and at neuroeffector junctions in the peripheral nervous system, especially for peptides whose receptors are coupled to both calcium mobilization and cAMP elevation (Sun et al., 1994; Mohney and Zigmond, 1998; Beaudet et al., 2000) . Specification of neuronal phenotype, e.g., tyrosine hydroxylase gene regulation, has been shown to depend on induction of specific transactivating proteins in the context of cAMP elevation during sympathetic nervous system development Figure 8 . PACAP rapidly phosphorylates ERK, increases cAMP, and elevates VIP mRNA. A, PACAP (100 nM) phosphorylates ERK1/2. The ability of PACAP to phosphorylate ERK1/2 continues for up to 6 hr of PACAP exposure. By 24 hr, PACAP stimulatory effects are gone. Upregulation of phospho-ERK by PACAP ( P) is completely inhibited by 30 M U0126 ( U) at all time points, whereas total ERK levels are unaffected. C, Control-treated cells. B, PACAP elevates cAMP for 6 hr. Cells were treated as described in Materials and Methods and harvested for cAMP measurements at 0 min, 30 min, and 6 hr with or without 100 nM PACAP. C, PACAP stimulation of VIP at 6 hr is blocked by U0126. Cells were treated with the MEK inhibitor 30 M U0126 (U01) or vehicle (0.1% ethanol in culture medium) 30 min before and during exposure to 100 nM PACAP and harvested for RNA and Q RT-PCR as described in Figure  7A . Values are the mean Ϯ SEM of three separate wells from a single chromaffin cell dispersion. Values represent uncorrected data demonstrating specificity of U0126 for VIP blockade compared with ENK and GAPDH. Figure 9 . PACAP stimulates VIP mRNA elevation in NBFL cells via a MAPK pathway. A, PACAP increases cAMP levels in NBFL cells. NBFL cells were plated in 12-well dishes at 4 ϫ 10 5 cells per well and allowed to grow to 70% confluency. Cells were harvested 10 min after exposure to increasing concentrations of PACAP-27 from 0.01-1000 nM, and cAMP was measured as described in Materials and Methods. B, PACAP does not increase cytosolic calcium in NBFL cells, whereas bradykinin does. PACAP 100 nM or bradykinin (BK ) 100 nM were added to the perfusion chamber over glass coverslipped NBFL cells as described in Materials and Methods. Values shown represent the 340/380 nm ratios. C, PACAP stimulation of VIP mRNA in NBFL cells through a MAPK pathway. NBFL cells grown in six-well plates were harvested for VIP mRNA analysis 6 hr after the addition of 100 nM PACAP-27 with or without 30 M U0126. Q RT-PCR was performed as described in Materials and Methods. Analysis was performed on 0.2 g of total RNA and corrected for differences in initial RNA input by dividing by the GAPDH concentrations in the same samples. *Different from vehicle-treated PACAP; p Ͻ 0.05. D, dn ERKs inhibit PACAP stimulation of VIP mRNA. NBFL cells were transiently transfected in 12-well plates as described in Materials and Methods. Six hours after the addition of 100 nM PACAP, cells were harvested for luciferase activity. Values are corrected for transfection efficiency by normalizing for ␤-galactosidase gene expression. *Different from control transfected PACAP-treated cells; p Ͻ 0.05.
